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INTRODUCTION
Southern Africa lies within the subtropical high 
pressure belt of the Southern Hemisphere between 
about 15° and 35° S (Figure 8.1). Subsidence of air in 
large anticyclones predominates for most of the year, 
resulting in arid or semiarid conditions throughout 
much of the subcontinent. During the first half 
of summer (October-December), the southward 
migration of the locus of tropical convection provides 
early-season rainfall to the northern parts of the 
subcontinent, while the development of a subtropical 
trough within the quasi-permanent high pressure belt 
facilitates the occurrence of rainfall farther south from 
midlatitude systems. By January, the tropical atmos­
phere is usually dominant over most of the sub­
continent, often bringing good rains, especially when 
links with westerly troughs form.
The interannual rainfall variability of the region is 
high, with the coefficient of variation exceeding 40 
per cent in the drier western areas (Onesta and 
Verhoef 1976, Tyson 1986). Droughts are an 
inherent feature of the climate, and water resources 
are under growing pressure from population and 
industrial expansion, being particularly strained duri­
ng drought years when demand for water increases 
(Mason and Joubert 1995). Given the high degree of 
interannual rainfall variability in the southern African 
region, skilful seasonal forecasts could greatly assist in 
water resource planning and the amelioration of 
drought and flood impacts (Vogel 1994). Since the 
1991-2 drought, long-range seasonal forecasts for 
southern Africa using statistical methods have been 
produced by universities, the national meteorological 
services, and drought monitoring centres in South 
Africa and neighbouring countries (Mason et al.
1996). More recently, statistical forecasts have been 
supplemented by real-time general circulation model 
ensemble seasonal forecasts. In this chapter, progress 
in the understanding of droughts and predictability 
over southern Africa is reviewed.
DROUGHT OCCURRENCE AND  
FREQUENCY
Droughts are as old as Africa (Tyson 1986) and are a 
prominent feature of the meteorological record for 
southern Africa (Figure 8.2). In the twentieth cen­
tury, they have occurred over South Africa and parts 
of neighbouring countries with great regularity in an
Figure 8 .1 Location map of southern Africa showing the political 
boundaries, islands, and major ocean currents
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Figure 8.2 Percentage of mean annual rainfall for designated wet and dry spells based on an analysis of O ctober-Septem ber rainfall 
data for the period 1905-90 (modified after Tyson 1986). Shaded areas indicate above-normal rainfall in wet spells and below- 
normal rainfall in dry spells
oscillation with a period of eighteen to twenty years. 
In South Africa, five major drought periods, in which 
the major part of the country has experienced below- 
normal rainfall, have been observed since 1905. The 
most severe drought year during the dry spell of 
1925-33 occurred in 1932-3. The year 1944-5 was 
the driest during the spell between 1944 and 1953, 
1965-6 the driest between 1963 and 1972, and 
1982-3 the driest in the dry spell that began in 1982. 
During the early nineties, a reversion to normal or 
wetter conditions might have been expected, but 
1991-2 was a particularly bad year and was followed 
by three further years of less than average rains.
Quasi-periodic variability in drought occurrence
That the interannual rainfall variability over southern 
Africa exhibits statistically significant quasi-periodic 
variability was first identified more than 100 years ago 
(Tripp 1888) and initiated active research over the 
next few decades (Nevill 1908, Cox 1925, van 
Reenen 1925, Peres 1930, de Loor 1948). Renewed 
interest in the oscillatory nature of South African 
rainfall developed in the early seventies (Tyson 1971 
and 1986, Tyson et al. 1975). Over South Africa, 
distinctive oscillations have been verified and from 
the mid-1970s have been used in long-range seasonal 
forecasting models (Dyer and Tyson 1977, Tyson and
Dyer 1978 and 1980, Louw 1982, Currie 1993). Of 
greatest significance is an eighteen- to twenty-year 
oscillation in the northeast part of the country, shown 
in Figure 8.3 (Tyson 1971, 1978, 1980, and 1986; 
Dyer 1975 ,1980a, and 1981a; Tyson et al. 1975; van 
Rooy 1980; Vines 1980; Kelbe et al. 1983; Lindesay 
1984; Currie 1991 and 1993; Jury and Levey 1993a 
and 1993b). It extends into Zimbabwe (Ngara et al. 
1983, Makarau and Jury 1997) and Botswana (Jury 
et al. 1992) and possibly into southern Zambia. The 
eighteen- to twenty-year oscillation is likewise apparent 
in streamflow records (Abbott and Dyer 1976, 
Partridge 1985, Alexander 1995), the temperature 
record, and tree-ring data (Tyson 1986). In the early 
nineties, the oscillation faltered owing to the occur­
rence of consecutive/persistent El Niños (Mason 
1997a). It may have resumed from the beginning of 
the 1995 summer rainfall season.
The oscillation in rainfall has been attributed to 
the eighteen-year cycle in the luni-solar tide (Currie
1991 and 1993); sunspot variability (Alexander
1995); and similar oscillations in sea-surface tempera­
tures in the South Atlantic (Mason 1990, Shinoda 
and Kawamura 1996), the central Indian (Cadet and 
Diehl 1984, Jury et al. 1996), and eastern equatorial 
Pacific oceans (Hurrell and van Loon 1994, Mason 
and Jury 1997, Tyson et al. 1998). The Pacific sea- 
surface temperature oscillation is out of phase with
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Figure 8.3 An area-averaged time series of rainfall for the summer rainfall region of South Africa, smoothed by a five-term binomial 
filter (modified after Tyson 1986)
the rainfall, implying that above-average temperatures 
in the eastern Pacific Ocean are associated with 
below-average rainfall over southern Africa (Figure
8.4). Although such a phase relationship is consistent 
with El Niño-southern African rainfall associations, 
the eighteen- to twenty-year oscillation in sea-surface
Figure 8.4 Seven-year running mean sea-surface tem perature 
anomalies (SST) averaged over the eastern equatorial Pacific 
Ocean (l80°-90° W, 10° S-5° N) (solid line) and percentage 
rainfall (PPT) over South Africa (dashed line) (after Mason and 
Jury 1997)
temperatures is only weakly reflected in the Southern 
Oscillation Index. That is not to say that the sea 
temperature oscillation does not have a significant 
impact: given the weak orographic forcing of the 
standing waves compared to the Northern Hemi­
sphere (Pittock 1973 and 1980), such interdecadal 
variability can have an important influence on the 
waves in middle and high latitudes of the Southern 
Hemisphere (Hurrell and van Loon 1994).
It has been suggested that the oscillation in the 
eastern Pacific sea-surface temperatures affects southern 
Africa via the temperate atmosphere involving vari­
ability in wave 3 of the Southern Hemisphere atmos­
pheric circulation (Tyson et al. 1998). The sensitivity 
of the midlatitude atmosphere to tropical heat anomalies 
is greatest during January (Albrecht et ni. 1986, 
Meehl and Albrecht 1988), when rainfall over most 
of southern Africa is at its peak. More specifically, a 
warming of sea-surface temperatures in the eastern 
Pacific is thought to result in a weakening of the 
semiannual oscillation in the midlatitudes (van Loon 
and Rogers 1984). The implications for southern 
Africa are significant because the total annual rainfall 
of the region is strongly influenced by the amplitude 
of the semiannual cycle, rainfall being higher when 
the amplitude is greater (Theron and Harrison 1991). 
The sea temperature variability in the eastern Pacific 
Ocean could therefore have a maximum impact on 
rainfall in the region, which lends credence to the 
proposed teleconnection, despite the fact that the 
observed interdecadal changes in wave 3 are greatest
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during the austral winter (van Loon et al. 1993). 
Further research is required to resolve these un­
certainties in the mechanisms of teleconnections in 
interdecadal variability in the Southern Hemisphere.
A ten- to twelve-year oscillation accounts for more 
than 30 per cent of the interannual rainfall variance 
along the south coast of South Africa and has been 
linked to sea-surface temperatures to the south of the 
subcontinent (Mason 1990), solar variability (Vines
1980, Currie 1991 and 1993, Mason and Tyson 
1992), and changes in the phase of standing wave 3 
(Vines 1980, Tyson 1981 and 1986). There is 
coherence between the eleven-year rainfall oscillation 
over South Africa and similar oscillations in New 
Zealand and South America (Vines 1980 and 1982). 
In southeast Australia and New Zealand, the 
oscillation is related to variability in standing wave 3 
as a result of its important influence on blocking in 
this sector (Trenberth 1975 and 1980a, Trenberth 
and Mo 1985). Although atmospheric blocking is 
generally weak and infrequent in the vicinity of 
southern Africa at intraseasonal time scales (Trenberth 
and Mo 1985, Kidson 1988), a regular variation, with 
a periodicity of about ten years, in the longitudinal 
position of the first ridge of wave 3 is evident and 
may be related to the oscillation in rainfall (Tyson 
1981).
Higher frequency rainfall variability with periods 
of about 2.3 years is identifiable over South Africa, 
Zimbabwe, and Madagascar (Tyson 1971, Nicholson 
and Entekhabi 1986, Jury et al. 1992 and 1995, Jury 
and Levey 1993a and 1993b, Makarau and Jury 
1997). Similar quasi-biennial oscillations in rainfall in 
the New Zealand sector are associated with variability 
in wave 3 (Trenberth 1975 and 1980b), but such an 
association is less well defined near southern Africa 
(Mason and Jury 1997). Instead, the stratospheric 
Quasi-Biennial Oscillation (QBO) of equatorial zonal 
winds is implicated (Mason and Tyson 1992, Mason 
and Lindesay 1993, Mason et al. 1994) through a 
hypothesised interaction with the Walker circulation 
over eastern southern Africa (Jury et al. 1994). 
During the easterly phase of the QBO, upper- 
tropospheric easterlies off the east coast of southern 
Africa are thought to strengthen (Figure 8.5), result­
ing in upper-level convergence and subsidence over 
the subcontinent (Jury 1992, Jury et al. 1994, Jury
and Pathack 1993 and 1997). However, upper- 
tropospheric near-equatorial easterly anomalies are 
not a consistently observed feature of dry conditions 
over the subcontinent (Tyson 1986, Lindesay 1988, 
Mason et al. 1994, Rocha and Simmonds 1997a and 
1997b, Jury 1996a, Mason and Jury 1997), and the 
mechanisms of stratospheric-tropospheric interaction 
in the region have yet to be verified. Further work is 
required to investigate the possibility of an alternative 
influence of tropospheric QBOs (Trenberth 1979 and 
1980b, Ropelewski et al. 1992).
As a reflection of the influence of El Niño- 
Southern Oscillation events on rainfall variability in 
the region, rainfall oscillations with periods of 3.5-7 
years are evident throughout most of the sub­
continent (Vines and Tomlinson 1985, Nicholson 
1986, Nicholson and Entekhabi 1986 and 1987,
Figure 8.5 A schematic conceptual model to  illustrate changing 
circulation controls, sea-surface temperatures, moisture 
transport conveyors, and loci of tropical convection in extended 
wet and dry spells over southern Africa
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Tyson 1986, Lau and Sheu 1988, Jury et al. 1992 
and 1995, Jury and Levey 1993a and 1993b, Makarau 
and Jury 1997). Oscillations with periods of 2.7 and
6 years over Namibia have not been explained (Dyer 
and Marker 1978).
Long-term trends in drought frequency and 
intensity
Whether southern Africa has been experiencing pro­
gressive desiccation has been debated for more than 
100 years (Wilson 1865, Barber 1910, Schwarz 1919, 
Cox 1926, Thompson 1936, Vorster 1957, Brook 
and Mametse 1970), and opinion is still somewhat 
divided. No evidence of progressive desiccation has 
been reported for Zimbabwe (Marume 1992, Unganai 
1992), Botswana (Nicholson 1989), and the summer 
rainfall region of South Africa (Dyer 1976b, Tyson et 
al. 1975, Tyson 1980, Mason 1996). Notwith­
standing, averaging over a wider area of southern 
Africa as a whole reveals that the period since the late 
1970s has been considerably drier than any earlier 
period over the last century (Nicholson 1993, Hulme 
et al. 1996). A decrease of approximately 10 per cent 
in mid-summer rainfall (December-February) has 
been observed between 1931-60 and 1961-90 over 
northern Botswana, Zimbabwe, and eastern South 
Africa (Hulme 1992 and 1996, Gondwe et al. 1997, 
Hulme et al. 1996, Mason 1996, Makarau and Jury 
1997). This has been accompanied by a decrease in 
the effectiveness of rainfall for maize growing in 
southern Zambia (Kruss et al. 1992). The effects of 
abrupt warming in tropical sea-surface temperatures 
in the mid-1970s and an increase in the frequency of 
El Niño events (Trenberth 1990, Kerr 1992, van 
Loon et al. 1993, Graham 1994 and 1995, Allan et 
al. 1995, Wang 1995, Trenberth and Hoar 1996) 
have probably been significant in causing the altered 
conditions after the 1970s (Mason 1996 and 1997a).
An increase in the interannual variability of rainfall 
appears to have occurred over Zimbabwe (Unganai 
1992), eastern South Africa (Mason 1996), and other 
parts of southern Africa (Hulme 1992). The implications 
are that droughts (and flood years) are becoming more 
frequent and severe. Such an occurrence is consistent 
with those expected for the region as a result of an 
enhanced greenhouse effect (Joubert et al. 1996).
ATMOSPHERIC CIRCULATION DURING  
DROUGHT YEARS
Distinctive changes in the large-scale atmospheric flow 
fields take place over southern Africa and adjacent 
oceans during periods of prolonged below-normal 
rainfall and during severe short-term droughts. The 
standing wave structure of the Southern Hemisphere 
circumpolar westerlies undergoes systematic change in 
the vicinity of Africa. The oceanic semipermanent sub­
tropical high pressure cells weaken and are displaced 
equatorward, the intertropical convergence zone is 
similarly affected, moisture fluxes alter significantly, and 
moisture transport patterns change radically. The 
development of weather-producing quasi-stationary 
easterly waves is curtailed over southern Africa and the 
locus of tropical convection moves eastward and often 
offshore. An attempt is made to capture these changes 
schematically in Figure 8.5 by comparing the conditions 
conducive for droughts with those responsible for 
extended wet spells. It is necessary to consider in more 
detail each of the component factors interacting to 
produce droughts.
The eastward shift in the locus of tropical con­
vection during droughts (Harangozo and Harrison 
1983, Harrison 1983a, Tyson 1986, Jury 1992 and 
1996, Jury and Pathack 1991 and 1993, Jury et al.
1992 and 1994) is evident in patterns of outgoing 
long-wave radiation (Jury et al. 1992, 1993a, and 
1995; Jury and Waliser 1990) and has been ascribed 
to a reversal in the Walker circulation over the east 
coast (Harrison 1983a, Lindesay 1986, Jury 1992, 
Jury et al. 1994, Shinoda and Kawamura 1996). Con­
fluent upper winds associated with this reversal of the 
western Indian Ocean Walker cell contribute to the 
general weakening of tropical convection over the 
subcontinent in dry summers and to subsidence and 
positive pressure anomalies (Hofmeyr and Gouws 
1964; Taljaard 1981 and 1989; Tyson 1981, 1984, 
and 1986; Matarira 1990; Matarira and Jury 1992; 
Shinoda and Kawamura 1996; Rocha and Simmonds 
1997a). The structure of the Walker circulation over 
the east coast is complicated (Tyson 1986, Lindesay
1988, Mason et al. 1994, Janicot et al. 1996, Jury 
1996, Rocha and Simmonds 1997a and 1997b), and 
further work is required to clarify more precisely the 
details and mechanisms of variability in the region.
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With the suppression of convection over the sub­
continent, Hadley cell mass overturning weakens, but 
becomes more vigorous to the east (Lindesay 1988, 
Lindesay and Jury 1991, Jury 1996). A weakening, 
and possibly a northward shift, of the tropical con­
vergence zones occurs over the subcontinent (Torrance 
1979, Lindesay and Jury 1991, van den Heever
1994, Shinoda and Kawamura 1996), but the sig­
nificance of latitudinal displacements of convection is 
less clear than that of longitudinal displacements 
(Nicholson and Chervin 1983).
During wet spells (Figure 8.5), the interaction 
between quasi-stationary tropical easterly waves and 
transient temperate westerly waves produces tropical- 
temperate troughs that contribute significantly to the 
excess rainfall characteristic of wet spells (Harangozo 
and Harrison 1983; Harrison 1984a, 1984b, and 
1984c; Smith 1985; Tyson 1986; Diab et al. 1991; 
Lyons 1991; van den Heever 1994; Jury 1997a). 
This is particularly so in eastern areas of the continent 
where the locus of convective activity is to be observed. 
By contrast, during droughts the preferred location of 
tropical-temperate troughs and their associated cloud 
bands shifts eastward over the western Indian Ocean. 
The systems are less frequent and more diffuse during 
dry conditions. The eastward shift in convection is 
manifest in part as an increase in the frequency of 
tropical disturbances in the southwest Indian Ocean 
to the east of Madagascar (Jury 1993). The sub­
sidence in the easterly outflow from disturbances that 
occur in the Mozambique Channel to the west of the 
island causes dry conditions over southern Africa. In 
both cases, low-level westerlies or westerly anomalies 
to the west of the disturbances inhibit moisture con­
vergence over the land from the Indian Ocean 
(Matarira 1990, Jury and Pathack 1991, Jury 1992 
and 1993, Rocha and Simmonds 1997a and 1997b).
During wet conditions, moisture transport is 
almost exclusively in a slowly ascending conveyor 
from the northeast and the tropical Indian Ocean 
(D’Abreton and Lindesay 1993, D’Abreton and 
Tyson 1995 and 1996) (Figure 8 .6 ). By contrast, in 
droughts, and even on no-rain days generally, moisture 
transport is primarily in a descending dry conveyor 
from the southwest and from the South Atlantic 
Ocean. Low-level westerly wind anomalies over the 
east coast of southern Africa are a consistent feature
of dry conditions over the subcontinent (Jury and 
Lutjeharms 1993, Rocha and Simmonds 1997a). 
Northeasterly transport is weakened not only when 
tropical cyclones form frequently over the western 
tropical Indian Ocean, but also when the south Indian 
Ocean anticyclone weakens (Matarira 1990, Jury and 
Pathack 1993, Jury et al. 1992 and 1995, Matarira 
and Jury 1992, Hastenrath et al. 1993, Jury 1996). 
Variability in the strength and position of the South 
Indian anticyclone is relatively high compared to the 
South Adantic anticyclone (Vowinckel 1955, McGee 
and Hastenrath 1966, Dyer 1981b).
The southeast Atlantic Ocean becomes the 
dominant moisture source during dry years (Figure
8 .6 ). Being colder and subsiding, the Atlantic moisture 
conveyor is considerably drier than its wet-spell 
Indian Ocean equivalent. It is also more stable 
(Miron and Lindesay 1983, Harrison 1988, Barclay et 
al. 1993). During drought years the dominance of 
westerly flow is indicative of the persistence of the 
temperate circulation throughout the summer season 
(Taljaard 1989). The westerlies prevail anomalously 
far north (Tyson 1986) and are an expression of a 
weakening in the semiannual oscillation (Harrison 
1984b, Lindesay 1988, Theron and Harrison 1991).
In the equatorward-shifted westerlies during drought 
years, changes in amplitude and phase of standing 
westerly waves are of considerable importance (Hofmeyr 
and Gouws 1964). For good rains, a northwest- to 
southeast-aligned trough needs to be located over the 
western half of the subcontinent to facilitate advection of 
tropical moisture ahead of the trough (Harrison 1986, 
D’Abreton and Lindesay 1993, D’Abreton and Tyson 
1995 and 1996, van den Heever 1994, Jury 1996). If the 
trough is displaced toward the east coast or has a low 
amplitude, or if the trailing ridge is weak, equatorward, or 
weakened, poleward transport occurs and rainfall occurs 
less easily (King and van Loon 1958, Longley 1976, 
Taljaard 1981, Tyson 1981, Miron and Tyson 1984, 
Lyons 1991, Taljaard and Steyn 1991). With a weaken­
ing in the amplitude of the westerly waves, the formation 
of cut-off lows (van Loon 1971, Dyer 1982, Taljaard 
1985 and 1986) and ridging of anticyclones south of the 
subcontinent (Taljaard 1986, Tyson 1986, Triegaardt et 
al. 1988) is curtailed. The coupling of tropical and 
temperate disturbances (Tyson 1986, Barclay et al. 1993) 
is less frequent. With more zonal westerlies, blocking to
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Figure 8.6 Mean moisture transport fields in the horizontal and vertical on rain and no-rain days in mid-summer (January) over 
southern Africa (after D’Abreton and Tyson 1996). Heavy lines denote maximum frequency transport pathways, along which mean 
times of transit (in days) from receptor points and specific humidities (g.kg-1) are indicated; contours enclose percentage air 
transported
the southeast of the subcontinent weakens (Tyson 1984) 
and the persistence of westerly disturbances over the sub­
continent diminishes (Tyson 1986).
Over the winter rainfall region in the extreme 
southwestern part of the subcontinent, rainfall is almost 
exclusively from midlatitude disturbances (Taljaard
1981, Muller and Tyson 1988). The atmospheric 
circulation controls of drought are different from those 
affecting the summer rainfall areas of the rest of the 
subcontinent. In fact, the relationship between droughts 
in the latter region and wet spells in the former is inverse 
(Lindesay 1984 and 1988, Muller and Tyson 1988). 
Atmospheric variability in the midlatitudes of the South 
Atlantic Ocean is weaker than over the Indian Ocean 
(Physick 1981), and so drought conditions over the 
winter rainfall region are generally not as severe as over 
the rest of the subcontinent. Drier conditions are usually 
experienced when temperate cyclones are anomalously 
far south and when wet conditions are prevailing 
elsewhere in the subcontinent (Taljaard 1989, Brundrit 
and Shannon 1989).
CAUSES OF DROUGHTS A N D  EXTENDED  
DRY PERIODS
Droughts over southern Africa are caused by decreases 
in the frequency, duration, and/or intensity of large- 
scale weather systems that are responsible for sig­
nificant rainfall in the region (Harrison 1983b, Taljaard
1989, Mason and Jury 1997) rather than by a simple 
decrease in the number of rain days (Rubin 1956, 
Harrison 1983b) or in the length of the rainfall 
season (Nicholson and Chervin 1983, cf. Waylen and 
Henworth 1996). To some extent, the variability of 
the atmosphere over southern Africa may be attri­
buted to internal variability of the circulation in the 
region, but boundary layer forcing both locally and 
from far afield has a significant effect.
El Niño-Southern Oscillation events
El Niño-Southern Oscillation (ENSO) warm events 
are frequently associated with drought over much of
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southern Africa (Stoeckenius 1981, Mo and White 
1985, Nicholson and Entekabi 1986, Ropelewski and 
Halpert 1987 and 1989, Janowiak 1988, Halpert and 
Ropelewski 1992, Main and Hewitson 1995, Moron 
et al. 1995, Shinoda and Kawamura 1996, Mason and 
Jury 1997, Nicholson and Kim 1997, Rocha and 
Simmonds 1997a) and are partly responsible for con­
tinental and global-scale climate anomaly telecon­
nections (Nicholson 1981 and 1986, Nicholson and 
Chervin 1983, Harnack and Harnack 1985). The 
influence of ENSO warm events on rainfall is 
strongest in the southeastern part of the subcontinent 
(Ropelewski and Halpert 1987 and 1989, Matarira
1990, Rocha and Simmonds 1997a, Shinoda and 
Kawamura 1996, Nicholson and Kim 1997). Near 
the border between Zimbabwe and South Africa, 
correlations between the Southern Oscillation Index 
and rainfall are reduced (Harrison 1984d, Waylen and 
Henworth 1996), but the association strengthens 
again in a northwest to southeast band across South 
Africa (Dyer 1979, Lindesay et al. 1986, Lindesay 
1988, van Heerden et al. 1988, Jury and Pathack 
1993, Jury et al. 1994, Hastenrath et al. 1995, Jury
1996). The association with rainfall over South Africa 
has occurred for at least the last 200 years (Lindesay 
and Vogel 1990), although El Niño years are not 
always synchronous with dry conditions in the region 
(Mason and Mimmack 1992).
The influence of ENSO warm events on the atmos­
phere over southern Africa occurs mainly, though not 
exclusively, via the tropical atmosphere. The 
predominance of the tropical response in turn defines 
the spatial and seasonal variation of the rainfall asso­
ciations in the region (Mason et al. 1996, Nicholson 
and Kim 1997). Over South Africa the influence is 
strongest during the peak summer rainfall months of 
December-March, when warm and cold events have 
typically reached maturity and when the tropical 
atmospheric circulation is usually dominant over most 
of the subcontinent (Lindesay 1988, Mason and Jury
1997). Over Zimbabwe, it is the early- and late- 
season rains that are more severely affected, suggesting 
an impact on the timing of the southward and 
northward migration of the tropical convergence zones 
(Waylen and Henworth 1996, Makarau and Jury
1997). Differences between the timing of the rainfall 
deficits associated with ENSO warm events between
South Africa and Zimbabwe suggest that different 
synoptic climatological responses are involved (Waylen 
and Henworth 1996) and would help to explain the 
weakening of the ENSO influence near the border of 
the two countries (Harrison 1984d). The tropical 
atmosphere in the southern African region during the 
austral summer responds to ENSO warm events in a 
manner largely consistent with the characteristics 
associated with dry conditions as discussed above and 
as summarised in Figure 8.5. An eastward shift in the 
preferred longitude of tropical convection occurs 
(Lindesay et al. 1986, Mason and Jury 1997). Similar 
eastward shifts in convection have been observed in the 
Australasian sector during Pacific warm events (Allan
1988 and 1991). Warming in the tropical western 
Indian Ocean during ENSO warm events appears to be 
largely responsible for the teleconnection between the 
Pacific signal and the tropical atmosphere over 
southern Africa (Goddard and Graham 1997, 
Nicholson 1997, Nicholson and Kim 1997, Rocha and 
Simmonds 1997b), and so details of the mechanisms 
involved are discussed in the section on sea-surface 
temperatures below.
It would be incorrect to state that the ENSO 
signal in the southern African region is detectable only 
in the tropical atmosphere. The Southern Hemi­
sphere standing waves are known to respond to 
ENSO events (Pittock 1973; Trenberth 1975, 1979, 
and 1980a; Rogers and van Loon 1982; Karoly et al.
1996). In the southern African sector, a northward 
shift of the westerlies and a weakening of amplitude 
of the waves occur during warm events (Lindesay
1988) and are typical features of dry conditions over 
the subcontinent (Figure 8.5).
Sea-surface temperature anomalies
Higher-than-average sea-surface temperatures in the 
central and western tropical Indian Ocean are fre­
quently responsible for dry conditions over southern 
Africa (Walker 1990; Jury 1992, 1995, and 1996; 
Walker and Shillington 1990; Jury and Pathack 1993 
and 1997; Mason 1995; Makarau and Jury 1997; 
Rocha and Simmonds 1997a). Although occasional 
independent Indian Ocean warm events occur, typi­
cally they follow shortly after a peak in warm events in 
the Pacific Ocean (Cadet 1985, Suppiah 1988, Meehl
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1993, Jury et al. 1994, Mason 1995, Nicholson
1997). The warming of the Indian Ocean is probably 
in response to associated changes in wind stress and 
the radiation budget (Cadet 1985, Hastenrath et al.
1993, Latif et al. 1994, Latif and Barnett 1995, Nagai 
et al. 1995, Nicholson 1997). This sympathetic 
response in the Indian Ocean may be essential in the 
transmission of the El Niño signal to southern Africa 
since it provides the mechanism for an eastward shift in 
the preferred longitude of tropical convection 
(Goddard and Graham 1997, Nicholson 1997, 
Nicholson and Kim 1997, Rocha and Simmonds 
1997b). Increased sensible and latent heat fluxes over 
the warmer oceanic areas of the tropical Indian Ocean 
increase the atmospheric instability in the vicinity of 
the heat anomaly and weaken the pressure gradient 
onto the subcontinent. The influx of moisture over the 
land by the tropical easterlies therefore weakens and a 
strengthening of convection over the ocean occurs 
(Jury 1992, 1995, and 1996; Jury and Pathack 1993; 
Jury et al. 1993b and 1996; Mason et al. 1994; Mason 
1995; Tennant 1996; Crimp 1997; Rocha and 
Simmonds 1997a and 1997b). The variance of sea- 
surface temperatures of the Indian Ocean is low during 
the summer rainfall season (Streten 1981) and so the 
association with rainfall over the subcontinent is 
possibly weaker than it otherwise would be (Shinoda 
and Kawamura 1996).
As discussed, dry conditions over southern Africa 
are frequently associated with a warmer-than-average 
western tropical Indian Ocean (Figure 8.5). How­
ever, this area is an important source of atmospheric 
moisture throughout the summer rainfall season and 
becomes the dominant source in the second half of 
summer. Increases in sea-surface temperatures in the 
same region have therefore been observed to enhance 
rather than reduce rainfall over southern Africa 
(Lindesay and Jury 1991, Hulme et al. 1996). 
Similarly, modelling studies fail to produce much 
enhancement of rainfall over southern Africa given 
negative sea-surface temperature anomalies, nor much 
weakening of convective activity over the Indian 
Ocean (Tennant 1996, Jury et al. 1996).
Farther south, a decrease in the surface tempera­
tures of the Agulhas Current may have a negative 
effect on moisture fluxes into the overlying atmos­
phere, particularly with the occurrence of ridging
anticyclones (Lutjeharms et al. 1986, Walker and Mey 
1988, Mey et al. 1990, Jury and Levey 1993b, Jury
1994, D’Abreton and Tyson 1995 and 1996, Rouault 
et al. 1995). Dry conditions may result over eastern 
southern Africa as a consequence (Walker 1990, 
Mason 1990 and 1995, Mason and Tyson 1992, Jury 
1992, Jury and Pathack 1991 and 1993, Jury et al. 
1993c, Hastenrath et al. 1995, Rocha and Simmonds 
1997a, Shinoda and Kawamura 1996). Possibly of 
greater importance than the sea-surface temperature 
anomalies per se is their influence on the meridional 
sea-surface temperature gradients to the south and 
southeast of the subcontinent. Weaker-than-average 
sea-surface temperature gradients that would be 
associated with negative temperature anomalies in the 
Agulhas region could weaken baroclinic disturbances 
passing over the area (Sanders and Gyakum 1980, 
Brundrit and Shannon 1989).
Changing temperature gradients in the South 
Atlantic Ocean may have a similar effect on the baro- 
clinicity of disturbances (Walker and Lindesay 1989). 
The variability in the westerly waves and the surface 
passage of cyclones and transient anticyclones is likely to 
be a reflection of such sea-surfàce temperature modu­
lation on the systems (Mason et al. 1994, Mason 1995).
Sea-surface temperature variability in the tropical 
Atlantic Ocean illustrates some similarities to the Pacific 
El Niño phenomenon (Weare 1977, Gillooly and 
Walker 1984, Walker et al. 1984, McLain et al. 1985, 
Lamb et al. 1986, Lough 1986, Shannon et al. 1986, 
Parker et al. 1988, Taunton-Clark and Shannon 1988, 
Agenbag 1996, Jury 1997b, Nicholson 1997) and has 
been linked to drought conditions over the Sahel 
(Semazzi et al. 1988 and 1996, Ward 1992, Nicholson 
and Kim 1997). The impact of changes in this oceanic 
region on rainfall over southern Africa is insignificant in 
comparison to the impacts of changes in the Pacific and 
the Indian Oceans (Walker 1990, Mason et al. 1994, 
Mason 1995, Jury 1997b, Mason and Jury 1997), 
except over Angola and Namibia, where near-coastal 
precipitation is enhanced (Hirst and Hastenrath 1983a 
and 1983b). Theoretically, tropical Atlantic sea-surface 
temperature variability could have an important influ­
ence on moisture flux convergence over southern Africa 
during early summer, but further work is required to 
confirm this (D’Abreton and Lindesay 1993, D’Abreton 
and Tyson 1995).
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South of about 15°S in the eastern Atlantic Ocean, 
sea temperatures are relatively low. The Walker cell over 
the South Atlantic Ocean consequently lies farther 
north than its western Indian Ocean counterpart. 
Walker cell variability is therefore of less significance 
over the west coast of southern Africa than it is over the 
east coast (Mason and Jury 1997). Temperature 
contrasts between the tropical Adantic and eastern 
Pacific oceans may be partly responsible for Walker cell 
variability over the Adantic (Park and Schubert 1993, 
Jury 1996, Janicot et al. 1996). The variability may 
explain westerly upper zonal wind anomalies over the 
equatorial Adantic that frequently precede a dry rainfall 
season over southern Africa (Jury et al. 1994 and 1995).
The Quasi-Biennial Oscillation
The ENSO influence on rainfall over southern Africa 
is stronger when the stratospheric QBO is in its 
westerly phase (Mason and Lindesay 1993). When 
the QBO is in easterly phase, the influence of ENSO 
variability on rainfall in the region becomes insig­
nificant (Figure 8.7). The 1991-2 season provides an 
exception (Jury 1995). The mechanism by which the 
QBO possibly modulates the ENSO-southern African 
rainfall association is poorly understood. The Oscil­
lation is thought to interact with the Walker cir­
culation over the western Indian Ocean (Jury and 
Pathack 1993 and 1997, Jury et al. 1994). Lower 
stratospheric easterly zonal winds would provide
Figure 8.7 January-March correlation between the seasonal 
mean SOI and rainfall by phase of the QBO. Point correlations in 
shaded areas are significant at the 90 per cent level. Statistical 
field significance (sfs) for the region as a whole is indicated 
where it exceeds 90 per cent. The dashed line indicates the 
boundary between the summer (to the northeast) and winter 
(to the southwest) rainfall regions (after Mason 1992)
Figure 8.8 A possible mechanism for the interaction of the 
stratospheric Quasi-Biennial Oscillation of zonal winds and the 
Walker circulation over eastern southern Africa (after Jury et al. 
1994)
upper-tropospheric wind stress that would enhance 
Walker cell overturning with a descending limb over 
southern Africa and a rising limb over the ocean to 
the east (Figure 8.8). During westerly phase years, 
the Walker cell would be reversed, and with a rising 
limb over southern Africa, convection and rainfall 
over the subcontinent would be enhanced. Whichever 
way the mechanism operates, the influence of the 
stratospheric QBO on rainfall over southern Africa is 
significant (Mason and Tyson 1992, Jury 1993, 
Mason et al. 1994). This is further illustrated by the 
modulating effect brought about on the associations 
between sea-surface temperatures and rainfall. In the 
case of a sensitive area of the southwest Indian Ocean 
(Figure 8.9, upper), the anomalously warm sea- 
surface occurs during droughts over South Africa 
when the QBO is easterly, but during wet years when 
it is westerly (Mason 1992). Similar modulation, though 
not as pronounced, occurs in the cases of other 
designated regional sea-surface temperature effects in 
the Indian and South Atlantic oceans (Mason 1992). 
There is evidence to suggest that tropical forcing by 
sea-surface temperatures (e.g., in the Indian Ocean to 
the north of Madagascar) may be little influenced by 
changes in the phase of the QBO (Figure 8.9, lower).
FORECASTING DROUGHTS
Interannual rainfall variability over southern Africa is 
largely determined by the preferred longitude of sub­
tropical convection and by shifts and changes in 
amplitude of the westerly waves. These features of 
atmospheric variability respond in part to changes in 
boundary-layer forcing associated with sea-surface
123DRO UG HT S OVER SOUTHERN AFRICA
Figure 8.9 Correlations, stratified by the phase of the QBO, 
between January-March sea-surface tem perature principal 
component scores in the indicated areas of the Indian Ocean 
and rainfall (after Mason 1992). Areas with positive correlations 
are shaded light gray. Areas with significant correlations (positive 
and negative) are shaded dark grey. In the case of the association 
between the southwestern Indian Ocean tem peratures (upper) 
and rainfall, statistical field significance exceeds 90 per cent for 
the summer rainfall region of South Africa taken as a whole; in 
the case of the tropical Indian Ocean tem peratures (lower), the 
combined set is field significant, but the component fields, split 
by the phase of the QBO, are not
temperatures in the oceans surrounding southern 
Africa and farther afield in the equatorial Pacific 
Ocean. Skilful seasonal forecasts of rainfall over the 
subcontinent depend on an ability to explain such 
variability and on the memory of the atmosphere 
(Palmer and Anderson 1994, Kumar and Hoerling
1995, Mason et al. 1996, Mason 1997b and 1998). 
The sensitivity of the atmosphere to boundary con­
ditions is usually the main source of seasonal pre­
dictability, although the large-scale atmospheric 
components, such as westerly waves, may have some 
influence on the probability of individual synoptic 
weather patterns, thus providing an additional ability 
to make probabilistic forecasts of general conditions 
beyond two weeks.
Models developed during the late 1970s and early 
1980s for long-range rainfall forecasting were based 
on statistical extrapolation of observed oscillations of 
rainfall (Dyer and Tyson 1977, Tyson and Dyer 1978 
and 1980, Louw 1982), surface pressure variations 
(Dyer 1976a and 1976b, Howes and Dyer 1982), the 
use of sunspots (Dyer 1977, Dyer and Gosnell 1978), 
and antecedent winter temperatures (Dyer 1980b). 
They had limited success. In response to a better 
understanding of the atmospheric response to 
boundary-layer forcing (Mason et al. 1996), current 
operational seasonal forecasting is more soundly 
based. The method relies on statistical associations 
between sea-surface temperatures, outgoing long­
wave radiation, and atmospheric circulation indices in 
the tropics, subtropics, and midlatitudes (Mason 1995, 
1997b, and 1998, Barnston et al. 1996, Jury 1996, 
Mason et al. 1996, Makarau and Jury 1997, Mattes 
and Mason 1998, Landman and Mason 1999). In 
October 1994, the South African Long-lead Forecast 
Forum (SALFF) was founded with the purpose of 
developing the seasonal forecasting capabilities in 
South Africa. Many of the national meteorological 
services of countries to the north of South Africa have 
also established long-range forecasting units (Mason 
et al. 1996, Mason 1997b).
Predictability
The World Climate Research Programme’s Atmos­
pheric Modelling Intercomparison Project (AMIP) 
has provided an opportunity for using general circu­
lation models to estimate the potential predictability 
of the atmosphere from boundary-layer forcing asso­
ciated with sea-surface temperature variability. By vary­
ing initial conditions slightly, an ensemble of pre­
dictions is prepared. By comparing simulated ensemble 
variability for various AMIP experiments with the 
ensemble variability of control runs, and by using 
unvarying climatological sea-surface temperatures, 
estimates of predictability can be derived (Dix and 
Hunt 1995). In those regions where sea-surface 
temperatures provide a source of atmospheric pre­
dictability, correlations between individual runs con­
stituting an ensemble should be significant. The 
average correlations between monthly rainfall anomalies 
of three ensemble members for the CSIRO nine-level
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Figure 8.10 Average correlations of time series of monthly rainfall anomalies at each grid point between three CSIRO nine-level 
model AMIP runs. The three runs differ only in their initial conditions (after Dix and Hunt 1995). High correlations indicate areas 
with a reproducible atmospheric response to  sea-surface temperature forcing
general circulation model are illustrated in Figure 
8.10 (Dix and Hunt 1995). Most predictability lies 
within 20° of the equator, and is greatest in areas 
where rainfall is predominantly from a single well- 
organised quasi-permanent circulation system, such as 
the intertropical convergence zone (Hastenrath 1995). 
Tropical sea-surface temperatures are the main source 
of predictability, even within the midlatitudes (Lau 
and Nath 1994). Unfortunately, even within the tropics, 
estimated potential predictability is disproportionately 
small over land areas (Dix and Hunt 1995). This has 
been confirmed for southern Africa (Harrison 1996).
Given the seasonal variability of the predictability 
of the atmosphere, which is marked over southern 
Africa (Mason et al. 1996), estimates of annual pre­
dictability may be misleading. Reasonably successful 
hindcasts of rainfall variability for some extreme drought 
years over southern Africa have been produced using 
general circulation models forced by forecasted and 
observed sea-surface temperatures (Hunt et al. 1994,
Semazzi et al. 1996, Goddard and Graham 1997). In 
some years, as was the case for the 1991-2 drought, 
results were less satisfactory (Hunt 1997). The models 
appear to perform poorly where the model clima­
tology is not sufficiently realistic (Hunt 1997). Over 
southern Africa, the control rainfall simulations by 
general circulation models generally reproduce the 
broad-scale features of spatial and seasonal variability, 
but significant weaknesses are apparent (Joubert 1997, 
Mason and Joubert 1997). Accordingly, seasonal 
forecasting skills for the region may suffer.
The general circulation models probably under­
estimate the predictability of the atmosphere because 
of inadequately or incorrectly simulated responses to 
sea-surface temperature anomalies (Latif et al. 1994) 
and because of an exaggeration of the importance of 
atmospheric chaos (Dix and Hunt 1995). Modelled 
tropical convection responses to positive sea-surface 
temperature anomalies are generally too weak (Mo 
and Wang 1995). Most models simulate an atmos­
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pheric response that is correspondingly weak, as was 
the case for southern Africa with the 1982-3 warm El 
Niño-Southern Oscillation event (Smith 1995, 
Joubert 1997). Given the limitations of general circu­
lation models, it has been suggested that a variety of 
different forecasting models be used (Vislocky and 
Fritsch 1995) in conjunction with statistical models 
that are currently claiming relatively high levels of 
predictability (Mason 1998, Mattes and Mason
1998).
Operational ensemble seasonal forecasting for 
southern Africa
From the onset of the wet season in 1995, oper­
ational seasonal forecasts for southern Africa derived 
from ensemble general circulation model forecasts 
and sea-surface temperatures have been produced by 
the United Kingdom Meteorological Office (UKMO) 
and the Scripps Institute of Oceanography. Pre­
liminary assessments of the operational performance 
of the UKMO model have been made, and these 
suggest that the statistical models may be performing 
slightly better. For both the 1995-6 and 1996-7 
seasons, the UKMO forecasts were for average or 
drier conditions for the second half of the season 
(January-April). Wetter-than-average conditions were 
experienced. The model simulated an early start of 
the northward advance of the westerlies, characteristic 
of the onset of winter, for the 1995-6 season. As 
discussed earlier, the westerlies bring relatively dry, 
often descending, air over southern Africa. The 
westerlies in the late-summer control climate of the 
UKMO model are too strong (Joubert 1997), and so 
on average the model will simulate a late-season 
decrease in rainfall that is too early and too rapid. A 
similar problem was experienced during the 1996-7 
season: the UKMO model indicated a drier-than- 
average January-April, but exceptional rains in March 
pushed the seasonal total above average. Given this 
limitation in the control climate, the UKMO model 
may be inherently unable to simulate adequately wet 
conditions in late summer. Numerical modelling holds 
great promise for the future, but until the forecasting 
can be improved, statistical modelling remains 
essential.
Statistical modelling
Statistical models have been used in operational sea­
sonal forecasts of southern African rainfall since 1991. 
Various measures of ENSO variability are important, 
but not primary, inputs into the models (Cane et al.
1994, Hastenrath et al. 1995, Jury 1996, Mason et al.
1996, Makarau and Jury 1997, Mason 1998, Mattes 
and Mason 1998, Landman and Mason 1999). Other 
important variables for the southern African region 
include sea-surfàce temperatures in the Indian and 
South Atlantic oceans, outgoing long-wave radiation 
and tropospheric atmospheric circulation indices 
(zonal and meridional wind components), and the 
Quasi-Biennial Oscillation (Mason et al. 1996). Within 
South Africa there are three active forecasting groups, 
each of which uses different sets of predictors and 
different statistical approaches. At the University of 
Zululand, forecasts are produced using a multiple 
regression model relating a full range of atmospheric 
and oceanic predictors to rainfall over regions through­
out southern Africa (Jury 1996). The Research Group 
for Seasonal Climate Studies of the South African 
Weather Bureau uses a canonical correlation analysis 
model to relate sea-surface temperatures in the 
Atlantic, Indian, and Pacific oceans to rainfall 
variability in eight regions of the country (Landman 
and Mason 1999). Atmospheric variables are not used 
as predictors. Similarly, the Climatology Research 
Group uses principal components of sea-surface 
temperatures as the only predictors in a quadratic 
discriminant analysis model (Mason 1998) and has 
investigated the possibility of constructing models 
using canonical discriminant analysis and logistic 
regression. In all instances, lead times are restricted to 
about six months, although efforts are being made to 
extend lead times to nine months or longer by fore­
casting sea-surface temperature anomalies in a two- 
tiered approach. The model has been adapted for use 
on Namibian rainfall (Mattes and Mason 1998).
The Pacific Ocean is the main source of pre­
dictability for southern African six-month rainfall 
forecasts. The Indian and South Atlantic oceans are 
important for forecasts with shorter lead times (Mason
1998, Mattes and Mason 1998, Landman and Mason
1999). The spatial and temporal variability of forecast 
skill over southern Africa is largely a reflection of the
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fundamental differences in ‘forecastability’ between the 
tropical and temperate atmospheres and the seasonal 
dependence of ENSO influences in the region. 
Highest forecast skill accordingly is achieved after the 
austral summer rainfall season has started. As an 
example, the seasonal variation of skill scores for 
cross-validated six-month rainfall hindcasts over the 
period 1951-95 for the northeastern interior of South 
Africa are illustrated in Figure 8.11. Statistically 
significant hindcast skill levels can be achieved 
throughout most of the year, and similar results are 
evident for other regions (Mason 1998). Linear error 
in probability space (LEPS) scores (Potts et al. 1996) 
for six-month hindcasts and for the northeastern 
interior peak in December (Figure 8.11), when 
forecasts for December-May rainfall can be released. 
Recently, it has appeared that it will be possible to 
develop useful forecast skill shortly before the start of 
the summer rainfall season (Mason 1998, Landman 
and Mason 1999) as indicated by a secondary peak in 
hindcast skill scores in July and August (Figure 8.11). 
Indications are that drought years are more fore- 
castable than flood years, since individual flood-
Figure 8 .11 Seasonal variation of the LEPS score for the cross­
validated six-month rainfall hindcasts over the training period 
1951-95 for the northeastern interior of South Africa (after 
Mason 1998)
producing synoptic systems, such as tropical cyclones 
or extreme cut-off lows in the westerlies, may 
significantly distort annual rainfall statistics in 
particular wet years (Landman and Mason 1999). 
Droughts, on the other hand, require persistent 
forcing of atmospheric conditions that are unfavour­
able for the development of rainfall over the sub­
continent.
CO NCLUSIO NS
Droughts and extended spells of dry years are an 
endemic feature of the climate of southern Africa. 
They are more persistent and homogeneously dry 
spatially than their wet-spell counterparts. Extended 
spells of wet years have a higher internal variability 
than their dry-spell counterparts. All current pre­
dictions of the effects of global warming suggest that 
extremes of climate, including droughts, are likely to 
be a feature of the twenty-first century.
The variations in the large-scale flow fields of the 
Southern Hemisphere that affect southern Africa and 
adjacent ocean areas in extended dry spells have been 
thoroughly investigated and are well understood. 
Moisture transport patterns have been shown to vary 
significantly between wet and dry periods. The degree 
of external forcing of southern African climate by 
sea-surface temperature changes in the Pacific, 
Indian, and Atlantic oceans has been established to 
the extent that the spatial variance in southern African 
rainfall associated changes in each ocean domain is 
known. External forcing by the Quasi-Biennial Oscil­
lation has been shown to imprint a distinctive modu­
lation on other forcing mechanisms.
Extended dry spells and droughts are typically 
associated with warming of the eastern Pacific Ocean, 
the occurrence of El Niños, and positive sea-surface 
temperature anomalies north of Madagascar in the 
Indian Ocean and over the South Atlantic Ocean. At 
the same time, negative anomalies prevail over the 
Agulhas current, and beyond, off the east coast of 
South Africa. Such changes are linked either directly 
or indirectly to distinctive adjustments in the general 
circulation over the region. These include strengthen­
ing of the subcontinental anticyclone over southern 
Africa, while the equivalent South Atlantic and south 
Indian anticyclones weaken relatively and are dis-
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placed equatorward. Moisture transport in less stable 
air from tropical Africa and the western tropical 
Indian Ocean diminishes significantly and is replaced 
by a predominance of transport of drier, more stable, 
subsided air from the South Atlantic Ocean. The cir­
cumpolar westerlies expand equatorward and the dis­
turbances therein penetrate farther north over southern 
Africa (but are associated with less rainfall than the 
tropical systems that are more prevalent in wet spells).
Prediction of seasonal conditions, including the 
forecasting of droughts, using sea-surface temperature, 
circulation indices, outgoing long-wave radiation and 
the Quasi-Biennial Oscillation in statistical models is 
performed routinely, and encouraging levels of skill are 
being achieved in the southern African region. 
Notwithstanding, much work remains to be done to 
refine and improve the models. The use of ensemble 
forecasting based on general circulation models is in its 
infancy, but is being developed rapidly. Ultimately, all 
seasonal and interannual prediction of droughts will 
have to be based on this approach. Before this can 
happen, however, uncertainties associated with the 
models need to be minimised and the models need to 
be upgraded significantly. While this is being done, 
statistical modelling will retain a central role in 
forecasting conditions over a subcontinent beset by 
drought occurrence and facing an uncertain future in 
respect of its water resources.
ACKNOW LEDGEMENTS
P. Stickler, W. Job, and W. Phillips drew the diagrams. 
The figures have been reproduced with the per­
mission of International Journal of Climatology, pub­
lished by the Royal Meteorological Society, Oxford 
University Press; Progress in Physical Geography, 
published by Edward Arnold Limited; Theoretical and 
Applied Climatology, published by Springer-Verlag; 
and WaterSA, published by the Water Research 
Commission.
REFERENCES
Abbott, M.A. and Dyer, T.G.J. (1976) ‘The temporal 
variation of rainfall over the summer rainfall region of 
South Africa’, South African Journal of Science 72: 
276-8.
Agenbag, J.J. (1996) ‘Pacific ENSO events reflected in
meteorological and oceanographic perturbations in the 
southern Benguela’, South African Journal of Science 92: 
243-7.
Albrecht, B.A., Ramanathan, V., and Boville, B.A. (1986) 
‘The effects of cumulus moisture transports on the 
simulation of climate with a general circulation model’, 
Journal of the Atmospheric Sciences 43: 2,443-62.
Alexander, W.J.R. (1995) ‘Floods, droughts and climate 
change’, South African Journal of Science 91: 403-8.
Allan, R.J. (1988) ‘El Niño Southern Oscillation influences 
in the Australasian region’, Progress in Physical 
Geography 12: 4-20.
---------(1991) ‘Australasia’, in M.H. Glantz, R.W. Katz,
and N. Nicholls (eds), Teleconnections Linking 
Worldwide Climate Anomalies: Scientific Basis and 
Societal Impact, Cambridge: Cambridge University 
Press, pp. 73-120.
Allan, R.J., Lindesay, J.A., and Reason, C.J.C. (1995) 
‘Multidecadal variability in the climate system over the 
Indian Ocean region during the austral summer’, 
Journal of Climate 8: 1,853-73.
Barber, F.H. (1910) ‘Is South Africa drying up?’, Agri­
cultural Journal of the Cape of Good Hope 86: 167-70.
Barclay, J.J., Jury, M.R., and Landman, W. (1993) 
‘Climatological and structural differences between wet 
and dry troughs over southern Africa in the early 
summer’, Meteorology and Atmospheric Physics 51: 
41-54.
Barnston, A.P., Thiao, W., and Kumar, V. (1996) 
‘Long-lead forecasts of seasonal precipitation in Africa 
using CCA’, Weather and Forecasting 11: 506-20.
Brook, G.A. and Mametse, M.N. (1970) ‘Rainfall trend 
patterns in South Africa’, South African Geographical 
Journals2: 134-8.
Brundrit, G.B. and Shannon, L.V. (1989) ‘Cape storms and 
the Agulhas Current: A glimpse of the future?’, South 
African Journal of Science 85: 619-20.
Cadet, D.L. (1985) ‘The Southern Oscillation over the 
Indian Ocean’, Journal of Climatology 5: 189-212.
Cadet, D.L. and Diehl, B.C. (1984) ‘Interannual variability 
of surface fields over the Indian Ocean during recent 
decades’, Monthly Weather Review 112, 1,921-35.
Cane, M.A., Eshel, G., and Buckland, R.W. (1994) 
‘Forecasting Zimbabwean maize yield using eastern 
equatorial Pacific sea surface temperature’, Nature 370: 
204-5.
Cox, G.W. (1925) ‘Periodicity in rainfall’, Transactions of 
the Royal Society of South Africa 12: 295-9.
---------(1926) ‘Some notes on the circulation of the
atmosphere over Southern Africa’, South African 
Journal of Science 23: 103-67.
Crimp, S.J. (1997) ‘A sea-surface temperature sensitivity 
test using the Colorado State University Regional 
Atmospheric Modelling System’, South African Journal 
of Science 93: 133-41.
Currie, R.G. (1991) ‘Deterministic signals in tree-rings
128 S.J. MASON A N D  P.D. TYSON
from Tasmania, New Zealand and South Africa’, 
Annales Geophysicae 9: 71-81.
---------(1993) ‘Luni-solar 18.6- and 10-11-year solar cycle
signals in South African rainfall’, International Journal 
of Climatology 13: 237-56.
D ’Abreton, P.C. and Lindesay, J.A. (1993) ‘Water vapour 
transport over southern Africa during wet and dry early 
and late summer months’, International Journal of 
Climatology 13: 151-70.
D’Abreton, P.C. and Tyson, P.D. (1995) ‘Divergent and 
non-divergent water vapour transport over southern 
Africa during wet and dry conditions’, Meteorology and 
Atmospheric Physics 55: 47-59.
3---------(1996) ‘Three-dimensional kinematic trajectory
modelling of water vapour transport over southern 
Africa’, WaterSA 22, 297-305.
de Loor, B. (1948) ‘Die ontleding van Kaapstad reenval 
(1938-1946)’, Tydskrif vir Wetenskap en Kuns New 
Series 8: 34-6.
Diab, R.D., Preston-Whyte, R.A., and Washington, R.
(1991) ‘Distribution of rainfall by synoptic type over 
Natal, South Africa’, International Journal of 
Climatology 11: 877-88.
Dix, M.R. and Hunt, B.G. (1995) ‘Chaotic influences and 
the problem of deterministic seasonal predictions’, 
International Journal of Climatology 15: 729-52.
Dyer, T.G.J. (1975) ‘The assignment of rainfall stations into 
homogeneous groups: An application of principal 
component analysis’, Quarterly Journal of the Royal 
Meteorological Society 101: 1,005-13.
---------(1976a) ‘Meridional interactions between rainfall
and surface pressure’, Nature 264: 48.
---------(1976b) ‘On the components of time series: The
removal of spatial dependence’, Quarterly Journal of the 
Royal Meteorological Society 102: 157-65.
---------(1977) ‘On the application of some stochastic
models to precipitation forecasting’, Quarterly Journal 
of the Royal Meteorological Society 103: 177-89.
---------(1979) ‘Rainfall along the east coast of southern
Africa, the Southern Oscillation, and the latitude of the 
subtropical high pressure belt’, Quarterly Journal of the 
Royal Meteorological Society 105: 445-51.
---------(1980a) ‘The distribution of rainfall over the sugar
region of South Africa’, Transactions of the Royal Society 
of South Africa 44: 257-67.
---------(1980b) ‘On August mean temperature and the
succeeding season’s rainfall over South Africa’, South 
African Journal of Science 76: 85-7.
---------(1981a) ‘A description of interannual rainfall
variance over space and time for South Africa: 1921- 
1975’, Transactions of the Royal Society of South Africa 
44: 453-64.
---------(1981b) ‘The apparent absence of the quasi-biennial
oscillation in sea-level pressure in the South Indian 
Ocean and South Atlantic Ocean’, Quarterly Journal of 
the Royal Meteorological Society 107: 461-7.
---------(1982) ‘On the intra-seasonal variation in rainfall
over the subcontinent of southern Africa’, Journal of 
Climatology 2: 47-64.
Dyer, T.G.J. and Gosnell, J.M. (1978) ‘Long term rainfall 
trends in the South African sugar industry’, Proceedings 
of the South African Sugar Technologists Association, 
pp. 1-8.
Dyer, T.G.J. and Marker, M.E. (1978) ‘On the variation of 
rainfall over South West Africa’, South African 
Geographical Journal 60: 144-9.
Dyer, T.G.J. and Tyson, P.D. (1977) ‘Estimating above 
and below normal rainfall periods over South Africa, 
1972-2000’, Journal of Applied Meteorology 16: 145-7.
Gillooly, J.F. and Walker, N.D. (1984) ‘Spatial and 
temporal behaviour of sea surface temperatures in the 
South Atlantic’, South African Journal of Science 80: 
97-100.
Goddard, L. and Graham, N.E. (1997) ‘GCM-based 
climate forecasts over southern Africa’, Preprints of the 
Fifth International Conference on Southern Hemisphere 
Meteorology and Oceanography, pp. 87-8.
Gondwe, M.P., Jury, M.R., and Mulenga, H.M. (1997) 
‘Sensitivity of vegetation (NDVT) to climate over 
southern Africa: relationships with rainfall and OLR’, 
South African Geographical Journal 79: 52-60.
Graham, N.E. (1994) ‘Decadal-scale climate variability in 
the tropical and North Pacific during the 1970s and 
1980s: Observations and model results’, Climate 
Dynamics 10:13 5-62.
---------(1995) ‘Simulation of recent global temperature
trends’, Science 267: 666-71.
Halpert, M.S. and Ropelewski, C.F. (1992) ‘Surface 
temperature patterns associated with the Southern 
Oscillation’, Journal of Climate 5: 577-93.
Harangozo, S.A. and Harrison, M.S.J. (1983) ‘On the use 
of synoptic data in indicating the presence of cloud 
bands over southern Africa’, South African Journal of 
Science 79: 413-14.
Harnack, R.P. and Harnack, J. (1985) ‘Intra- and inter- 
hemispheric teleconnections using seasonal Southern 
Hemisphere sea level pressure’, Journal of Climatology 5: 
283-96.
Harrison, M.S.J. (1983a) ‘The Southern Oscillation, zonal 
equatorial circulation cells and South African rainfall’, 
Preprints of the First International Conference on 
Southern Hemisphere Meteorology, pp. 302-5.
---------(1983b) ‘Rain day frequency and mean daily rainfall
intensity as determinants of total rainfall over the eastern 
Orange Free State’, Journal of Climatology 3: 35-45.
---------(1984a) ‘A generalised classification of South
African summer rain-bearing synoptic systems’, Journal 
of Climatology 4: 547-60.
---------(1984b) ‘The annual rainfall cycle over the central
interior of South Africa’, South African Geographical 
Journal 66: 47-64.
---------(1984c) ‘Comparison of rainfall time series over
129D ROU GH TS  OVER SOUTHERN AFRICA
South Africa generated from real data and through 
principal component analysis’, Journal of Climatology 4: 
561-4.
-------- (1984d) ‘Note on the origins of the dry Limpopo
Valley’, South African Journal of Science 80: 333-4.
-------- (1986) ‘A Synoptic Climatology of South African
Rainfall Variability’, unpublished PhD thesis, University 
of the Witwatersrand.
---------(1988) ‘Rainfall and precipitable water relationships
over the central interior of South Africa’, South African 
Geographical Journal 70: 100-11.
---------(1996) ‘Seasonal prediction of southern African
rainfall using the UK Meteorological Office unified 
model’, Proceedings of the Seasonal Rainfall Forecasting 
Workshop, pp. 27-34.
Hastenrath, S. (1995) ‘Recent advances in tropical climate 
prediction’, Journal of Climate 8: 1,519-32.
Hastenrath, S., Nicklis, A., and Greischar, L. (1993) 
‘Atmospheric-hydrospheric mechanisms of climate 
anomalies in the Western Equatorial Indian Ocean’, 
Journal of Geophysical Research 98: 20,219-35.
Hastenrath, S., Greischar, L., and van Heerden, J. (1995) 
‘Prediction of the summer rainfall over South Africa’, 
Journal of Climate 8: 1,511-18.
Hirst, A.C. and Hastenrath, S. (1983a) ‘Ocean-atmosphere 
mechanisms of climate anomalies in the Angola-tropical 
Atlantic sector’, Journal of Physical Oceanography 13: 
1,146-57.
---------(1983b) ‘Diagnostics of hydrometeorological
anomalies in the Zaire (Congo) basin’, Quarterly 
Journal of the Royal Meteorological Society 109: 881-92.
Hofmeyr, W. L. and Gouws, V. (1964) ‘A statistical and 
synoptic analysis of wet and dry conditions in north­
western Transvaal’, Notos 13: 37—48.
Howes, C. and Dyer, T.G.J. (1982) ‘On the spatial 
variation of an apparent relationship between monthly 
rainfall over southern Africa and sea-level oceanic bar­
ometric pressure’, Transactions of the Royal Society of 
South Africa 44: 513-22.
Hulme, M. (1992) ‘Rainfall changes in Africa: 1931-1960 
to 1961-1990’, International Journal of Climatology 12: 
685-99.
---------(1996) ‘Recent climatic change in the world’s
drylands’, Geophysical Research Letters 23: 61—4.
Hulme, M., Conway, D.D., Joyce, A., and Mulenga, H. 
(1996) ‘A 1961-90 climatology for Africa south of the 
Equator and a comparison of potential évapo­
transpiration estimates’, South African Journal of Science 
92:334—43.
Hunt, B.G. (1997) ‘Prospects and problems for multi- 
seasonal predictions: Some issues arising from a study of 
1992’, International Journal of Climatology 17: 137-54.
Hunt, B.G., Zebiak, S.E., and Cane, M.A. (1994) 
‘Experimental predictions of climatic variability for lead 
times of twelve months’, International Journal of 
Climatology 14: 507-26.
Hurrell, J.W. and van Loon, H. (1994) ‘A modulation of 
the atmospheric annual cycle in the Southern Hemi­
sphere’, Tellus A6A.: 325-38.
Janicot, S., Moron, V., and Fontaine, B. (1996) ‘Sahel 
droughts and ENSO dynamics’, Geophysical Research 
Letters 23: 515-18.
Janowiak, J.E. (1988) ‘An investigation of interannual rain­
fall variability in Africa’, Journal of Climate 1: 240-55.
Joubert, A.M. (1997) ‘AMIP simulations of atmospheric 
circulation over southern Africa’, International Journal 
of Climatology 17: 1,129-54.
Joubert, A.M., Mason, S.J., and Galpin, J.S. (1996) 
‘Droughts over southern Africa in a doubled-CO2 
climate’, International Journal of Climatology 16: 
1,149-58.
Jury, M.R. (1992) ‘A climatic dipole governing the 
interannual variability of convection over the SW Indian 
Ocean and SE Africa region’, Trends in Geophysical 
Research 1: 165-72.
---------(1993) ‘A preliminary study of climatological
associations and characteristics of tropical cyclones in the 
SW Indian Ocean’, Meteorology and Atmospheric Physics 
51: 101-15.
---------(1994) ‘A thermal front within the marine atmos­
pheric boundary layer over the Agulhas Current south of 
Africa: Composite aircraft observations’, Journal of 
Geophysical Research 99: 3,297-304.
---------(1995) ‘A review of research on ocean-atmosphere
interactions and South African climate variability’, South 
African Journal of Science 91: 289-94.
---------(1996) ‘Regional teleconnection patterns associated
with summer rainfall over South Africa, Namibia and 
Zimbabwe’, International Journal of Climatology 16: 
135-53.
---------(1997a) ‘Inter-annual climate modes over southern
Africa from satellite cloud OLR 1975-1994’, Theoretical 
and Applied Climatology 57: 155-63.
---------(1997b) ‘South-east Atlantic warm events:
Composite evolution and consequences for southern 
African climate’, South African Journal of Marine Science 
17: 21-8.
Jury, M.R. and Levey, K.M. (1993a) ‘The Eastern Cape 
drought’, WaterSA 19: 133-7.
---------(1993b) ‘The climatology and characteristics of
drought in the eastern Cape of South Africa’, 
International Journal of Climatology 13: 629-41.
Jury, M.R. and Lutjeharms, J.R.E. (1993) ‘Die struktuur en 
moontlike aandrywingskragte van die 1991-1992- 
droogte in suidelike Afrika’, Suid Afrikaanse Tydskrif 
vur Natuurwetenskap en Techologie 12: 8-16.
Jury, M.R. and Pathack, B.M.R. (1991) ‘A study of climate 
and weather variability over the tropical southwest 
Indian Ocean’, Meteorology and Atmospheric Physics 47: 
37-48.
---------(1993) ‘Composite climatic patterns associated with
extreme modes of summer rainfall over southern Africa:
130 S.J. MASON A N D  P.D. TYSON
1975-1984’, Theoretical and Applied Climatology 47: 
137-45.
---------(1997) ‘Climatic patterns associated with the 1992
drought over southern Africa: Observations and GCM 
results’, Journal of the African Meteorological Society 
(forthcoming).
Jury, M.R. and Waliser, D. (1990) ‘Satellite microwave 
measurements of atmospheric water vapour and marine 
wind speed, case study application’, South African 
Journal of Marine Science 9: 309-16.
Jury, M.R., Pathack, B., and Sohn, B.J. (1992) ‘Spatial 
structure and interannual variability of summer 
convection over southern Africa and the SW Indian 
Ocean’, South African Journal of Science 88: 275-80.
Jury, M.R., Pathack, B., and Waliser, D. (1993a) ‘Satellite 
OLR and microwave data as a proxy for summer rainfall 
over sub-equatorial Africa and adjacent oceans’, 
International Journal of Climatology 13: 257-69.
Jury, M.R., Pathack, B., Wang, B., Powell, M., and 
Raholijao, N. (1993b) ‘A destructive tropical cyclone 
season in the SW Indian Ocean, January-February 
1984’, South African Geographical Journal 75: 53-9.
Jury, M.R., Valentine, H.R., and Lutjeharms, J.R.E. 
(1993c) ‘Influence of the Agulhas Current on summer 
rainfall along the southeast coast of South Africa’, 
Journal of Applied Meteorology 32: 1,282-7.
Jury, M.R., McQueen, C.A., and Levey, K.M. (1994) ‘SOI 
and QBO signals in the African region’, Theoretical and 
Applied Climatology SO: 103-15.
Jury, M.R., Parker, B.A., Raholijao, N., and Nassor, A.
(1995) ‘Variability of summer rainfall over Madagascar: 
Climatic determinants at interannual scales’, Inter­
national Journal of Climatology 15: 1,323-32.
Jury, M.R., Pathack, B.M.R., Rautenbach, C.J. de W., and 
van Heerden, J. (1996) ‘Drought over South Africa and 
Indian Ocean SST: Statistical and GCM results’, Global 
Atmosphere Ocean System 4: 47-63.
Karoly, D.J., Hope, P., and Jones, P.D. (1996) ‘Decadal 
variations of the Southern Hemisphere circulation’, 
International Journal of Climatology 16: 723-38.
Kelbe, B.E., Garstang, M., and Brier, G. (1983) ‘Analysis of 
rainfall variability in the northeastern region of South 
Africa’, Archiv fur Meteorologie, Geophysik und Bio- 
klimatologie 32A: 231-52.
Kerr, R.A. (1992) ‘Unmasking a shifty climate system’, 
Science 255: 1,508-10.
Kidson, J.W. (1988) ‘Indices of the Southern Hemisphere 
zonal wind’, Journal of Climate 1: 183-94.
King, J.A. and van Loon, H. (1958) ‘Weather of the 1957 
and 1958 winters in South Africa’, South African 
Geographical Journal A0: 62-7.
Kruss, P.D., Mukhala, E., and Muchinda, M.R. (1992) ‘On 
trends in the Zambian precipitation maize crop index: 
1950-1990’, Preprints of the Fifth International Meeting 
on Statistical Climatology, pp. 115-16.
Kumar, A. and Hoerling, M.P. (1995) ‘Prospects and
limitations of seasonal atmospheric GCM predictions’, 
Bulletin of the American Meteorological Society 76: 
335-45.
Lamb, P.J., Peppier, R.A., and Hastenrath, S. (1986) 
‘Interannual variability in the tropical Atlantic’, Nature 
322: 238-40.
Landman, W.A. and Mason, S.J. (1999) ‘Operational long- 
lead prediction of South African rainfall using canonical 
correlation analysis’, International Journal of 
Climatology, forthcoming.
Latif, M. and Barnett, T.P. (1995) ‘Interactions of the 
tropical oceans’, Journal of Climate 8: 952-64.
Latif, M., Sterl, A., Assenbaum, M., Junge, M.M., and 
Maier-Reimer, E. (1994) ‘Climate variability in a 
coupled GCM. Part II: the Indian Ocean and monsoon’, 
Journal of Climate 7: 1,449-62.
Lau, KM. and Sheu, P.J. (1988) ‘Annual cycle, 
Quasi-biennial Oscillation and Southern Oscillation in 
global precipitation’, Journal of Geophysical Research 93: 
10,975-88.
Lau, N.-C. and Nath, M.J. (1994) ‘A modelling study of 
the relative roles of tropical and extratropical SST 
anomalies in the variability of the global ocean- 
atmosphere system’, Journal of Climate 7: 1,184-207.
Lindesay, J.A. (1984) ‘Spatial and temporal rainfall 
variability over South Africa, 1963 to 1981’, South 
African Geographical Journal 66: 168-75.
---------(1986) ‘Relationships between the Southern
Oscillation and Atmospheric Circulation Changes over 
Southern Africa’, unpublished PhD thesis, University of 
the Witwatersrand.
---------(1988) ‘South African rainfall, the Southern
Oscillation and a Southern Hemisphere semi-annual 
cycle’, Journal of Climatology 8: 17-30.
Lindesay, J.A. and Jury, M.R. (1991) ‘Atmospheric 
circulation controls and characteristics of a flood event 
in central South Africa’, International Journal of 
Climatology 11: 609-27.
Lindesay, J.A. and Vogel, C.H. (1990) ‘Historical evidence 
for Southern Oscillation-southern African rainfall 
relationships’, International Journal of Climatology 10: 
679-89.
Lindesay, J.A., Harrison, M.S.J., and Haffner, M.P. (1986) 
‘The Southern Oscillation and South African rainfall’, 
South African Journal of Science 82: 196-8.
Longley, R.W. (1976) ‘Weather and weather maps of South 
Africa’, South African Weather Bureau Technical Paper 
No. 3.
Lough, J.M. (1986) ‘Tropical Atlantic sea surface 
temperatures and rainfall variations in subsaharan 
Africa’, Monthly Weather Review 114: 561-70.
Louw, W.J. (1982) ‘Oscillations in Orange Free State rainfall’, 
South African Weather Bureau Technical Paper No. 11.
Lyons, S.W. (1991) ‘Origins of convective variability over 
equatorial southern Africa during austral summer’, 
Journal of Climate A: 23-39.
131DR OU GHT S OVER SOUTHERN AFRICA
Lutjeharms, J.R.E, Mey, R.D., and Hunter, I.T. (1986) 
‘Cloud lines over the Agulhas Current’, South African 
Journal of Science 82: 635—40.
Main, J.P.L. and Hewitson, B.C. (1995) ‘Régionalisation of 
daily precipitation in Botswana 1972-1989’, South 
African Geographical Journal 77: 51-5.
Makarau, A. and Jury, M.R. (1997) ‘Predictability of 
Zimbabwe summer rainfall’, International Journal of 
Climatology 17: 1,421-32.
Marume, W. (1992) ‘Desiccation in the Lowveld area of 
Zimbabwe’, Preprints of the Fifth International Meeting 
on Statistical Climatology, pp. 133-6.
Mason, S.J. (1990) ‘Temporal variability of sea surface 
temperatures around southern Africa: A possible forcing 
mechanism for the eighteen-year rainfall oscillation?’, 
South African Journal of Science 86: 243-52.
---------(1992) ‘Sea surface temperatures and South African
rainfall variability’, unpublished PhD thesis, University 
of the Witwatersrand, Johannesburg.
---------(1995) ‘Sea-surface temperature-South African
rainfall associations, 1910-1989’, International Journal 
of Climatology 15:119-3 5.
---------(1996) ‘Rainfall trends over the Lowveld of South
Africa’, Climatic Change 32: 35-54.
---------(1997a) ‘Recent changes in El Niño-Southern
Oscillation events and their implications for southern 
African climate’, Transactions of the Royal Society of South 
Africa 52: 377-403.
---------(1997b) ‘Review of recent developments in seasonal
forecasting of rainfall’, WaterSA 23: 57-62.
---------(1998) ‘Seasonal forecasting of South African
rainfall using a non-linear discriminant analysis model’, 
International Journal of Climatology 18: 147-64.
Mason, S.J. and Joubert, A.M. (1995) ‘A note on 
inter-annual rainfall variability and water demand in the 
Johannesburg region’, WaterSA 21: 269-70.
---------(1997) ‘Simulated changes in extreme rainfall over
southern Africa’, International Journal of Climatology 
17: 291-301.
Mason, S.J. and Jury, M.R. (1997) ‘Climatic variability and 
change over southern Africa: A reflection on underlying 
processes’, Progress in Physical Geography 21: 23-50.
Mason, S.J. and Lindesay, J.A. (1993) ‘A note on the 
modulation of Southern Oscillation-southern African 
rainfall associations with the Quasi-biennial Oscillation’, 
Journal of Geophysical Research 98: 8,847-50.
Mason, S.J. and Mimmack, G.M. (1992) ‘The use of 
bootstrap correlation coefficients for the correlation 
coefficient in climatology’, Theoretical and Applied 
Climatology 45: 229-33.
Mason, S.J. and Tyson, P.D. (1992) ‘The modulation of 
sea surface temperature and rainfall associations over 
southern Africa with solar activity and the Quasi-biennial 
Oscillation’, Journal of Geophysical Research 97: 
5,847-56.
Mason, S.J., Lindesay, J.A., and Tyson, P.D. (1994)
‘Simulating drought in southern Africa using sea surface 
temperature variations’, WaterSA 20: 15-22.
Mason, S.J., Joubert, A.M., Cosijn, C., and Crimp, S.J. 
(1996) ‘Review of the current state of seasonal fore­
casting techniques with applicability to southern Africa’, 
WaterSA 22: 203-9.
Matarira, C.H. (1990) ‘Drought over Zimbabwe in a 
regional and global context’, International Journal of 
Climatology 10: 609-25.
Matarira, C.H. and Jury, M.R. (1992) ‘Contrasting 
meteorological structure of intra-seasonal wet and dry 
spells in Zimbabwe’, International Journal of Climatology 
12: 165-76.
Mattes, M. and Mason, S.J. (1998) ‘Evaluation of a 
seasonal forecasting procedure for Namibian rainfall’, 
South African Journal of Science 94: 183-5.
McGee, O.S. and Hastenrath, S. (1966) ‘Harmonic analysis 
of the rainfall over South Africa’, Notos 15: 79-90.
McLain, D.R., Brainard, R.E., and Norton, J.G. (1985) 
‘Anomalous warm events in eastern boundary current 
systems’, CalCOFI Report 26: 51-64.
Meehl, G.A. (1993) ‘A coupled air-sea biennial mechanism 
in the tropical Indian and Pacific regions: Role of the 
oceans’, Journal of Climate 6: 31-41.
Meehl, G.A. and Albrecht, B.A. (1988) ‘Tropospheric 
temperatures and Southern Hemisphere circulation’, 
Monthly Weather Review 116: 953-60.
Mey, R.D., Walker, N.D., and Jury, M.R. (1990) ‘Surface 
heat fluxes and marine boundary layer modification in 
the Agulhas retroflection region\  Journal of Geophysical 
Research 95: 15,997-16,015.
Miron, O. and Lindesay, J.A. (1983) ‘A note on changes in 
airflow patterns between wet and dry spells over South 
Africa, 1963 to 1979’, South African Geographical 
Journal 65: 141-7.
Miron, O. and Tyson, P.D. (1984) ‘Wet and dry conditions 
and pressure anomaly fields over South Africa and the 
adjacent oceans, 1963-79’, Monthly Weather Review 
112:2,127-32.
Mo, K.C. and Wang, X.L. (1995) ‘Sensitivity of the system­
atic error of extended range forecasts to sea surface 
temperature anomalies’, Journal of Climate 8: 1,533-43.
Mo, K.C. and White, G.H. (1985) ‘Teleconnections in the 
Southern Hemisphere’, Monthly Weather Review 113: 
22-37.
Moron, V., Bigot, S., and Roucou, P. (1995) ‘Rainfall 
variability in subequatorial America and Africa and 
relationships with the main sea-surface temperature 
modes (1951-1990)’, International Journal of 
Climatology 15:1,297-322.
Muller, M.J. and Tyson, P.D. (1988) ‘Winter rainfall over 
the interior of South Africa during extreme dry years’, 
South African Geographical Journal 70: 20-30.
Nagai, T., Kitamura, Y., Endoh, M., and Tokioka, T. (1995) 
‘Coupled ocean-atmosphere model simulations of El 
Niño/Southern Oscillation with and without an active
132 S.J. MASON A N D  P.D. TYSON
Indian Ocean’, Journal of Climate 8: 3-14.
Ngara, T., McNaughton, D.L., and Lineham, S. (1983) 
‘Seasonal rainfall fluctuations in Zimbabwe’, Zimbabwe 
Agricultural Journal 80: 149-50.
Neviil, E. (1908) ‘The rainfall in Natal’, Agricultural 
Journal of Natal 11: 1,531-3.
Nicholson, S.E. (1981) ‘The historical climatology of 
Africa’, in T.M.L. Wigley, M.J. Ingram, and G. Farmer 
(eds), Climate and History, Cambridge: Cambridge 
University Press, pp. 249-70.
---------(1986) ‘The nature of rainfall variability in Africa
south of the equator’, Journal of Climatology 6: 515-30.
---------(1989) ‘Long-term changes in African rainfall’,
Weather 44: 46-56.
---------(1993) ‘An overview of African rainfall fluctuations
of the last decade’, Journal of Climate 6: 1,463-6.
---------(1997) ‘An analysis of the ENSO signal in the
tropical Atlantic and western Indian Oceans’, 
International Journal of Climatology 17: 345-75.
Nicholson, S.E. and Chervin, R.M. (1983) ‘Recent rainfall 
fluctuations in Africa-interhemispheric teleconnections’, 
in A. Street-Perrott, M. Beran, and R. Ratcliffe (eds), 
Variations in the Global Water Budget, Dordrecht, The 
Netherlands: D. Reidel, pp. 221-38.
Nicholson, S.E. and Entekhabi, D. (1986) ‘The quasi- 
periodic behaviour of rainfall variability in Africa and its 
relationship to the Southern Oscillation’, Archiv fur 
Meteorologie, Geophysik und Bioklimatologie 34A: 311-48.
---------(1987) ‘Rainfall variability in equatorial and
southern Africa: Relationships with sea surface 
temperatures along the southwestern coast of Africa’, 
Journal of Climate and Applied Meteorology 26: 561-78.
Nicholson, S.E. and Kim, J. (1997) ‘The relationship of the 
El Niño-Southern Oscillation to African rainfall’, 
International Journal of Climatology 17: 117-35.
Onesta, P.A. and Verhoef, P. (1976) ‘Annual rainfall 
frequency distributions for 80 rainfall districts in South 
Africa’, South African Journal of Science 72: 120-2.
Palmer, T.N. and Anderson, D.L.T. (1994) ‘The prospects 
for seasonal forecasting -  A review paper’, Quarterly 
Journal of the Royal Meteorological Society 120: 755-93.
Park, C.K. and Schubert, S.D. (1993) ‘Remotely forced 
intraseasonal oscillations over the tropical Atlantic’, 
Journal of the Atmospheric Sciences 50: 89-103.
Parker, D.E., Folland, C.K. and Ward, M.N. (1988) 
‘Sea-surface temperature anomaly patterns and prediction 
of seasonal rainfall in the Sahel region of Africa’, in S. 
Gregory (ed.), Recent Climatic Change, London: 
Belhaven Press, pp. 166-78.
Partridge, T.C. (1985) ‘Spring flow and tufa accretion at 
Taung’, in P.V. Tobias (ed.), Past, Present and Future 
of Hominid Evolution, New York: Alan R. Liss, 
pp. 171-82.
Peres, M.A. (1930) ‘Preliminary investigations on the 
rainfall of Lourenco Marques’, South African Journal of 
Science 27: 132-5.
Physick, W.L. (1981) ‘Winter depression tracks and 
climatological jet streams in the Southern Hemisphere 
during the FGGE year’, Quarterly Journal of the Royal 
Meteorological Society 107: 883-98.
Pittock, A.B. (1973) ‘Global meridional interactions in 
stratosphere and troposphere’, Quarterly Journal of the 
Royal Meteorological Society 99: 424-37.
-------- (1980) ‘Patterns of climatic variation in Argentina
and Chile -  I. Precipitation, 1930-1960’, Monthly 
Weather Review 108: 1,347-61.
Potts, J.M., Folland, C.K., Jolliffe, I.T., and Sexton, D. 
(1996) ‘Revised “LEPS” scores for assessing climate 
model simulations and long-range forecasts’, Journal of 
Climate 9, 34-53.
Rocha, A. and Simmonds, I. (1997a) ‘Interannual 
variability of southern African summer rainfall. Part I: 
Relationships with air-sea interaction processes’, Inter­
national Journal of Climatology 17: 235-65.
---------(1997b) ‘Interannual variability of southern African
summer rainfall. Part I: Modelling the impact of sea 
surface temperatures on rainfall and circulation’, 
International Journal of Climatology 17: 267-90.
Rogers, J.C. and van Loon, H. (1982) ‘Spatial variability of 
sea level pressure and 500 mb height anomalies over the 
Southern Hemisphere’, Monthly Weather Review 110: 
1,375-92.
Ropelewski, C.F. and Halpert, M.S. (1987) ‘Precipitation 
patterns associated with El Niño/Southern Oscillation’, 
Monthly Weather Review 115: 1,606-26.
---------(1989) ‘Precipitation patterns associated with the
high index phase of the Southern Oscillation’, Journal of 
Climate 2: 268-84.
Ropelewski, C.F., Halpert, M.S., and Wang, X. (1992) 
‘Observed tropospheric variability and its relationship to 
the Southern Oscillation \  Journal of Climate 5: 594-614.
Rouault, M., Lee-Thorp, A.M., Ansorge, I., and 
Lutjeharms, J.R.E. (1995) ‘Agulhas Current air-sea 
exchange experiment’, South African Journal of Science 
91:493-6.
Rubin, M.J. (1956) ‘The associated precipitation and 
circulation patterns over southern Africa’, Notos 5: 53-9.
Sanders, F. and Gyakum, J.R. (1980) ‘Synoptic-dynamic 
climatology of the “bomb’” , Monthly Weather Review 
108: 1,589-1,606.
Schwarz, E.H.L. (1919) ‘The progressive desiccation of 
Africa: The cause and the remedy’, South African 
Journal of Science 15: 139-90.
Semazzi, F.H.M., Mehta V., and Sud, Y.C. (1988) ‘An 
investigation of the relationship between sub-Saharan 
rainfall and global sea surface temperatures’, Atmosphere 
Ocean 26: 118-38.
Semazzi, F.H.M., Burns, B., Lin, N.-H., and Schemm, J.-K.
(1996) ‘A GCM study of the teleconnections between 
the continental climate of Africa and global sea surface 
temperature anomalies’, Journal of Climate 9: 2,480-97.
Shannon, L.V., Boyd, A.J., Brundrit, G.B., and Taunton-
133DRO UG HTS  OVER SOUTHERN AFRICA
Clark, J. (1986) ‘On the existence of El Niño-type 
phenomenon in the Benguela System’, Journal of 
Marine Research 44: 495-520.
Shinoda, M. and Kawamura, R. (1996) ‘Relationships 
between rainfall over semi-arid southern Africa and 
geopotential heights, and sea surface temperatures’, 
Journal of the Meteorological Society of Japan 74: 21-36.
Smith, A.V. (1985) ‘Studies of the effects of cold fronts 
during the rainy season in Zimbabwe’, Weather 40: 
198-202.
Smith, I.N. (1995) ‘A GCM simulation of global climate 
interannual variability: 1950-1988’, Journal of Climate 
8: 709-18.
Stoeckenius, T. (1981) ‘Interannual variations of tropical 
precipitation patterns’, Monthly Weather Review 109: 
1,233-47.
Streten, N.A. (1981) ‘Southern hemisphere sea surface 
temperature variability and apparent associations with 
Australian rainfall’, Journal of Geophysical Research 86: 
485-97.
Suppiah, R. (1988) ‘Relationships between Indian Ocean 
sea surface temperature and rainfall of Sri Lanka’, 
Journal of the Meteorological Society of Japan 66: 
103-11.
Taljaard, J.J. (1981) ‘The anomalous climate and weather 
systems of January to March 1974’, South African 
Weather Bureau Technical Paper No. 9.
---------(1985) ‘Cut-off lows in the South African region’,
South African Weather Bureau Technical Paper No. 14.
---------(1986) ‘Change of rainfall distribution and
circulation patterns over Southern Africa’, Journal of 
Climatology 6\ 579-92.
---------(1989) ‘Climate and circulation anomalies in the
South African region during the summer of 1982/83’, 
South African Weather Bureau Technical Paper No. 21.
Taljaard, J.J. and Steyn, P.C.L. (1991) ‘Relationships 
between atmospheric circulation and rainfall in the 
South African region’, South African Weather Bureau 
Technical Paper No. 24.
Taunton-Clark, J. and Shannon, L.V. (1988) ‘Annual and 
interannual variability in the south east Atlantic during 
the twentieth century’, South African Journal of Marine 
Science 6: 97-106.
Tennant, W.J. (1996) ‘Influence of Indian Ocean 
sea-surface temperature anomalies on the general 
circulation of southern Africa’, South African Journal of 
Science 92: 289-95.
Theron, G.F. and Harrison, M.S.J. (1991) ‘The 
atmospheric circulation over Gough and Marion 
Islands’, South African Journal of Science 87: 331-8.
Thompson, W.R. (1936) ‘Moisture and farming in South 
Africa’, South African Agricultural Series 14: 1-260.
Torrance, J.D. (1979) ‘Upper windflow patterns in relation 
to rainfall in south-east central Africa’, Weather 34: 
106-15.
Trenberth, K.E. (1975) ‘A quasi-biennial standing wave in
the Southern Hemisphere and interrelations with sea 
surface temperature’, Quarterly Journal of the Royal 
Meteorological Society 101: 55-74.
---------(1979) ‘Interannual variability of the 500 mb zonal
mean flow in the Southern Hemisphere’, Monthly 
Weather Review 107: 1,515-24.
---------(1980a) ‘Planetary waves at 500 mb in the Southern
Hemisphere’, Monthly Weather Review 108: 1,378-89.
---------(1980b) ‘Atmospheric quasi-biennial oscillations’,
Monthly Weather Review 108: 1,370-77.
---------(1990) ‘Recent observed interdecadal climate
changes in the Northern Hemisphere’, Bulletin of the 
American Meteorological Society 71: 988-93.
Trenberth, K.E. and Hoar, T.J. (1996) ‘The 1990-1995 El 
Niño-Southern Oscillation event: Longest on record’, 
Geophysical Research Letters 23: 57-60.
Trenberth, K.E. and Mo, K.C. (1985) ‘Blocking in the 
Southern Hemisphere’, Monthly Weather Review 113: 
3-21.
Triegaardt, D.O., Terblanche, D.E., van Heerden, J., and 
Laing, M.V. (1988) ‘The Natal flood of September 
1987’, South African Weather Bureau Technical Paper 
No. 19.
Tripp, W.B. (1888) ‘Rainfall of South Africa, 1842-1886’, 
Quarterly Journal of the Royal Meteorological Society 14: 
108-23.
Tyson, P.D. (1971) ‘Spatial variation of rainfall spectra in 
South Africa’, Annals of the Association of American 
Geographers 61: 711-20.
---------(1978) ‘Rainfall changes over South Africa during
the period of meteorological record’, in M.J.A. Werger 
(ed.), Biogeography and Ecology of Southern Africa, The 
Hague: W. Junk, pp. 53-69.
---------(1980) ‘Temporal and spatial variation of rainfall
anomalies in South Africa south of latitude 22° during 
the period of meteorological records’, Climatic Change 
2: 363-71.
---------(1981) ‘Atmospheric circulation variations and the
occurrence of extended wet and dry spells over southern 
Africa’, Journal of Climatology 1:115-30.
---------(1984) ‘The atmospheric modulation of extended
wet and dry spells over South Africa, 1958-1978’, 
Journal of Climatology 4: 621-35.
---------(1986) Climatic Change and Variability over
Southern Africa, Cape Town, Oxford University Press.
Tyson, P.D. and Dyer, T.G.J. (1978) ‘The predicted above­
normal rainfall of the seventies and the likelihood of 
droughts in the eighties in South Africa’, South African 
Journal of Science 74: 372-7.
---------(1980) ‘The likelihood of droughts in the eighties
in South Africa’, South African Journal of Science 76, 
340-1.
Tyson, P.D., Dyer, T.G., and Mametse, M.N. (1975) 
‘Secular changes in South African rainfall: 1880 to 
1972’, Quarterly Journal of the Royal Meteorological 
Society 101: 817-33.
134 S.J. MASON A N D  P.D. TYSON
Tyson, P.D., Sturman, A.P., Fitzharris, B.B., Mason, S.J., 
and Owens, I.F. (1998) ‘Circulation changes and 
teleconnections between glacial advances on the west 
coast of New Zealand and extended spells of drought 
years in South Africa’, International Journal of 
Climatology 17,14: 1,499-1,512.
Unganai, L.S. (1992) ‘Changes in Zimbabwe’s rainfall 
regime and the effect on the climatological means 
(“normals”)’, Preprints of the Fifth International 
Meeting on Statistical Climatology, pp. 133-6. 
van den Heever, S.C. (1994) ‘Modelling Tropical- 
Temperate Troughs over Southern Africa’, unpublished 
MSc dissertation, University of the Witwatersrand. 
van Heerden, J. and Terblanche, D.E. (1988) ‘Some 
popular beliefs on South Africa rainfall prediction 
investigated’, South African Weather Bureau Newsletter 
265: 57-60.
van Heerden, J., Terblanche, D.E., and Schulze, G.C. 
(1988) ‘The Southern Oscillation and South African 
summer rainfall’, Journal of Climatology 8: 577-97. 
van Loon, H. (1971) ‘A half-yearly variation of the 
circumpolar surface drift in the Southern Hemisphere’, 
Tellus23: 511-16. 
van Loon, H. and Rogers, J.C. (1984) ‘Interannual 
variations in the half-yearly cycle of pressure gradients 
and zonal wind at sea level on the Southern Hemi­
sphere’, Tellus 36A: 76-86. 
van Loon, H., Kidson, J.W., and Mullan, A.B. (1993) 
‘Decadal variation of the annual cycle in the Australian 
dataset’, Journal of Climate 6: 1,227-31. 
van Reenen, R.J. (1925) ‘Note on the apparent regularity of 
the occurrence of wet and dry years in South West 
Africa’, South African Journal of Science 22: 94-5. 
van Rooy, M.P. (1980) ‘Extreme rainfall anomalies over 
extensive parts of South Africa during periods of 1 to 5 
successive “summer years”’, South African Weather 
Bureau Technical Pap er No. 8.
Vines, R.G. (1980) ‘Analyses of South African rainfall’, 
South African Journal of Science 76: 404-9.
---------(1982) ‘Rainfall patterns in southern South
America, and possible relationships with similar patterns 
in South Africa’, South African Journal of Science 78: 
457-9.
Vines, R.G. and Tomlinson, A.I. (1985) ‘The Southern 
Oscillation and rainfall patterns in the Southern 
hemisphere’, South African Journal of Science 81: 151-6.
Vislocky, R.L. and Fritsch, J.M. (1995) ‘Improved model 
output statistics forecasts through model consensus’, 
Bulletin of the American Meteorological Society 76: 
1,157-64.
Vogel, C.H. (1994) ‘(Mismanagement of droughts in 
South Africa: Past, present and future’, South African 
Journal of Science 90: 4-5.
Vorster, J.H. (1957) ‘Trends in long range rainfall records 
in South Africa’, South African Geographical Journal 34: 
61-6.
Vowinckel, E. (1955) ‘Southern Hemisphere weather map 
analysis: Five-year mean pressures’, Notos 4: 17-50.
Walker, N.D. (1990) ‘Links between South African summer 
rainfall and temperature variability of the Agulhas and 
Benguela Current Systems’, Journal of Geophysical 
Research 95: 3,297-319.
Walker, N.D. and Mey, R.D. (1988) ‘Ocean/air energy 
fluxes within the Agulhas retroflection region’, Journal 
of Geophysical Research 93: 15,473-83.
Walker, N.D. and Lindesay, J.A. (1989) ‘Preliminary 
observations of oceanic influences on the February- 
March 1988 floods in central South Africa’, South 
African Journal of Science 85: 164-9.
Walker, N.D. and Shillington, F.A. (1990) ‘The effect of 
oceanographic variability on South African weather and 
climate’, South African Journal of Science 86: 382-6.
Walker, N.D., Taunton-Clark, J., and Pugh, J. (1984) ‘Sea 
temperatures of the South African west coast as indi­
cators of Benguela warm events’, South African Journal 
of Science 80: 72-7.
Wang, B. (1995) ‘Interdecadal changes in El Niño onset in 
the last four decades’, Journal of Climate 8: 267-85.
Ward, M.N. (1992) ‘Provisionally corrected surface wind 
data, world wide ocean-atmosphere surface fields and 
Sahelian rainfall variability’, Journal of Climate 5: 
454-75.
Waylen, P.R. and Henworth, S. (1996) ‘A note on the 
timing of precipitation variability in Zimbabwe as related 
to the Southern Oscillation’, International Journal of 
Climatology 16: 1,137-^8.
Weare, B.C. (1977) ‘Empirical orthogonal analysis of 
Atlantic Ocean surface temperatures’, Quarterly Journal 
of the Royal Meteorological Society 103: 467-78.
Wilson, J.F. (1865) ‘Water supply in the basin of the River 
Orange or “Gariep South Africa’” , Journal of the Royal 
Geographical Society 35: 106-29.
